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Protein adducts of the lipid peroadotaon product 
]^a?i9'*4*hydrosy‘‘2-xionenal (HN£}) are features of oxida* 
tive domogo In n^uromd coll bodies in Alzheuner^s dis¬ 
ease but ifLt^ al^ seen in actons of normal as well as 
diseased individuals. In this study, IbcusinA an ax¬ 
ons of the mouse sciatic nerve^ we found that HNB ad" 
ducts ehairacteriee hvq"? of xiiico &onL birth to seailityi 
IzEununohlots of axonal proteins flowed that HN£ ad¬ 
ducts are only detected in netirolilanient heavy subunit 
OfJt'ill ondj to a lesser extent^ neurofilament ntedium 
subimit CN£'M), both lyslne-rlch proteins, consistent 
with the adducts bein^ limited to lysine residues. Ih. 
vitrOf HNS treatment of permeab iliz ed sciatic nerve 
showed tho same spociGcxty^ x.e. I^TFIX and NPAf are the 
only proteins that reacted -with HiVB, providing-they are 
phosphorylated. Quantitative inummoblot analysis of 
two strains of ndco ages X-83 months showed that the 
levels of HNEj adducsts on NFH are consistent throu^- 
out life. Additionally, mice transgenic for hmnan super-- 
oxide dismutase-l with GSSR mutation show no di€^e^• 
once in adduction to Nr u compared with controls. 
Taken together, these studies indicate that HNES adduc¬ 
tion to NFH is physiological^ and its constancy from 
hirtli to senility as Well oB its dependence on phospho¬ 
rylation argues that NFH and MFM jnodiiicatioii may 
play a rolO in proteciixig the membrane-rich axon hroam 
toxic aldehydes resulting from osddstivo damage. 


One of the mast sirikmg end earliest changes noted with the 
development of Alzheimer's disease (AD)^ is that cell bodies of 
vulnerable neurons unitbriiily show increased oxidative dam¬ 
age. Nitration (l, 2), reactive carbonyls (S), nudeic acid oxlda- 
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^I’he abbreinatioDs uMd are; AD, Aizheimor’s disease; HNB, traas- 
4-hydR>ay-2-iioiiejael; NFH, nsuTofiUxaflbt heaipji' Bubunit; NFM, neu- 

mfrlsjienti medi um H nhnn it. 


tioa (i)i imd arlductiDa by glycpsidative IS) ne 

well as the reactive Ifpoxidatioii prnduct, imttS'4-hydiDsy-2" 
nonsnal (HNE) (6, 7), are promiaent, AltOiou^lh theaa cha nges 
are globaily noted, there have been few indicalaens as to the 
spaeifie prerteins displaying damage in humati brain. However, 
thp finding that not onl^y aro gjycosidation and Hpoxidatioa 
adducts increased in neuronal cell bodies of AD cases but snoh 
reactive aldehyde adducts were also present in ascons in the 
white matter of infants and aged controls in addition to pa¬ 
tients with AD (7, S) led us to consider whether spemfic axonal 
proteins are physiological targete of osidative -modificaiifin. In 
this study, we deadsd to focus our analysis on HNE adducts 
because they are the most readily detected and heat character¬ 
ized of tie aldehyde-deiived adducts. HTTE is higiiy reactive 
and eonsidered one of the most neurotoaio aldehydes produced 
in vivo IS). In addition, whereas HNE addncfcs are among the 
best characterized chemically, it is likely that HNE can be need 
as a model for the other reactive aldehydes produced by Upcad- 
dation or glycoxidation. because they have common featuree. 
The prevalence of HNE adducts led ns to ash whether HNE 
adduction ia ao. age- or axon transport-dependent process be¬ 
cause the rate of adduction of HNE to target molecules should 
ba first order and increase in an age-dependent maimer such 
that revereible (e.g. lyaine-hiichael) (9, 10) and stable adducts 
(lysme-hased pyrrole) (11, 12) of HNE may show distinct dif- 
fcrences duiing the aging procssa, 

Baenuse prcliminaiy innnunohlottmg studies of the brain 
and peripheral nerve of human (control and AD), rat, rabbit, 
and mouse showed that the only proteins displaying readily 
detectable HNE adducte are neUrofilameni heavy suhunit 
CNEH) and neurofilament medium oubunit (NFS#), wo decided 
to focus the analysis on the axons of the sciatic nerve as a 
natural sito rich in NFH. NFH and NFM are the m^'or proteina 
of the ason, and their transport from the cell body into seg- 
mante to the terminals can be fallowed by dividing the nerve 
into segments. The high suecepfcibiliiy of NFH and NEM to 
HNE adduodon was maintained in vitro, where HNE treat¬ 
ment of penzteabilized amoa or enriched naurofflanient proteins 
also led to speeifiCmodllicatian of NFH and NFM, with no other 
proteins displaying any similar hi^ affinity for HNE adduc¬ 
tion. HNE addactioaia likely related to the molecular Btructum 
of NFH and NFM because the adducts were limited to lysine 
lesidueB, which am abundant on both these proteins. Addi- 
tional specificity for adduction, is provided by the phosphate 

Thi? paper is available on line at http;//w«!^w,|b£,or^ 
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residues, whose preseiice was essential for NFH suacepUbiiiiy 
to HNE adductusn. SurprudnglyT analysis of adduct levels 
on NFH, both, reversible and stable, showed consistent levels of 
TTiodification with passage along the a^con during agiu^ and 
conditions of oxidative stress. These tradings suggest lhat thd 
levels of HNE adducts are regulated thToughqiit life. 

HJtt'EltIMENTAL PROCEDURES 

JPf'cp^jxt.fWn. Nerve —CB7BL6J/NIA mice (« = 27; 3 of oadj 

ugv Cl. 2, 8, 6f 9, 12, 2L, and 33 znoatbs)) and BSCSFt {n ^ 27^ 

3 of oacti age (S, B, I 3 ,15, 18, 21,25,30, and 33 moaths)) were obtained 
&'ozQ the National In^lCute on Aging colony ut Charles Blver and 
maintained ni ibc Ca^e Western Reaerve University' Animal Facility 
under an apprOvL^d protocol for 7—10 days before sacrifice. Euthanasia 
wag mducGd by an overdose of pentob&rbital beibro dUaseation, Anuhsla 
ware coolod on ice imniediately upon, death and maintained an ice 
during diaeBctloQ. Undet ^ stereoTnicmscope CZeia&X the entim gcaatlc 
nerve, beginning within the spinal column «tid extrudin g to the soIOMs: 
xcLuscle, was exposcid, dissected, and divided into three segments; (i) 
prozhnal, within the spinal cah tma , (ii) medial, esrtendin^ fro m the 
epibol coliiinii to the beginning of the Ibnnir, and (uD dietai, from Ihe 
feniiii! CD che ehtzy into iJia muatde. 

Tissue disrupted with glase hamog^iuzDr id ice-cold 

Triton X-lOO, 0.1 M Tria-HCI. pH 7.6, cantoning i-D mM phenybnislih*- 
yjsulfon^ fluoride, 5 leupcptin, and 20 roiw EDTA^ 30 mim The 
homogenate waa centrifriged pt 10,000 yi g for 15 min, pnd Uie Ttiton- 
splubie fraciian was separated from the Tritondnsolubie fraetiouB. The 
peHftt waa reffuapended in 0.1 2 ki Tiis-HCl, pH 7,6, 1% Sl>$ contsining 
I,a myi phenylraethylsuifoxiyl fluoride, 6 itg/si} leupepiln, »T^d XQ xnS! 
EUTA and frozen in liquid nitrageiir Proteiii was okayed hy uaui^ the 
fiCA metiind (Pxaree). After PAGE CIS} of equ^ pratein loads (30 /ig* of 
protein per ane-thirdofaminigN; BiewRad), proteins were electzofrans- 
ferred (30 V, 16 hj to Immobfron (Milliporc) C14). Blot? were blocfcai in 
10% dz7 milk ibr 1 h on a sbok&r uitd ringed in Trzaobuflered 5aliae, and 
the piimaiy antibody wafi applied and inemboted for 16 h at d *C. After 
five waahea of 5 min in Tria-buflexed Balino-TwccHi perQridaae’dabeled 
seccmdaiy antibodSaa wera applied fbr 1 h at rooin tempemtUTe. After 
rinsing again as described before, the bloto were developed Cogetl^r tbr 
tilO SDmD iDDglh of tUiie UAtog 3j3'-d]aminohenzidine db co^izbsirate. 
TiTTn i m oblots from tho proximaL medial, and dintol segments &nm each 
animal vr^e atained in parallel and under identical conditions for each 
antibody. 

Enriched neurofilaxaent fractions wero also prepared from tiie adatic 
nerve by using established procedures (IB). 

Immunocytochemiairy ef 7i«srue Sectivn ^—Samples (I—a-Jian long) 
Were taken fr'om the same segmenta analyzed tbr pmtoin and fixed in 
methacarn Cznsthaiao]:ch]orofhiztnac4tzD acid, 60'SOjlD) by frninereiczi at 
d "C for Ifi h and then iranaferred to 70% othauol, Tile pieces were liiaa 
embedded m 10% &ACto agar to ohtaia tiiO correct orienCatioo tor creae- 
i^ectipning, dehydrated ill graded athanol and xylene, onii nmhDdded 1 ti 
pafaflirr* Sections were cut G-pjoa thick and placed on idlanc'^onted 
iiilides (Sigma,). After i^hydration, anti^iis wera localized by use of the 
pera]ddBse-ant2paioxIda6d technique (16) With 3,S'.<l 'i«Tnwn ti ^nmMinw 
afl co-aubfftrafeB- 

Antiboiiias—The antibodies uaad were; (i) EI^B-Micha©!* mbbii an- 
tlscruxQ to tile products of HNE adductins to keyhole limpet hemoepa* 
sin involving mainly Michael adducts of ^ateine, hktidine, and lyBisf 
(17), (n) HNE-pyriiflc, rabbit antiaeruTD to the d^ncononanal-madifled 
keyhole limpet henaoqyanln, whidl IS specific tor ^ stable pyrrole reeult' 
ingfram dahydrafcivcE ovolixtiaA of the HNE-JysiEie Schiif haae adduct 
(12). Ciii) HNE-lySiac-lysine, two difEerent rabbit antisera to a fluores¬ 
cent product 6f HNE ciross*I{|ikitig two lyaina raaiduea (IS, 19), (iv) 
mouse znonoclonol antibody to phosphorylaied NETI (SMT*^, Stom- 
hargs r Man oelOiUilft), (v) mouse monodoTial antib>^y to nonphdBphoEyl- 
ated Null (SMI-d2; Stornbcrgeir Mouoclonntls), and (vi) motive rdciio- 
cloaal antibody to NFllS. (BioMcdu). 

Specificity of tiio vtnioiiS Qatibodies was verified in all cases bj 
umauemobaorption fbr 16 fa at 4 with the competing or to 

adducts prepared froiu the r&aotioa of UNE with lysine, cysteine, or 
llisUdine at a 1.1 concentratica] of d.S mi^ Reaction of the latter two 
»T7ii , nD acids with HNE gives the corresponding Mic^iael adduct nearly 
BtotuhiomolrisDily, wfaernas the reaction of HNE wifh-lyains Isoda to a 
tima-depondecit mijEturQ of mainly tiie revemib^ toimed Michael ad¬ 
duct but also several additional adducts derived ham. initial SchiftbaFe 
tozmaticin at the Cl carbonyl group of HNE (9b Tlia antig^ correspend- 
iDg to ihe antibody ID^lE-pyrrole (BSA modified by 4^oxQnonanal) was 
prepared ns described prevtoualy (12). Absoebod and unabsorfaed anti- 


bodios were applied to imnLunDblots of mouse sciatic nopve as well os to 
adjacent sectivns of nerves and steioed ea desczil^ed Dorlier, 

Superoxide Difn7tutas<e TY&ftSigenic JSftcfl—Sciatic notves 'wete dia- 
aected from umyotoophic lateral scletosis-linlced supci^jude d£s- 
mritoae-l mutant G85R inioe (n = 4), nnd-Sitage mice (n ~ 2), and 
oge-matohed contool ihice in ^ 3) (20)^ and Tritoiv^insolukle fractions 
were prepared as described above. Equal ptotoin load? weia rim On 
SDS-FAO-E, sl^trotniufifhrjred to IimnobilQiu and inimonoblotted Trith 
antiBcra to l^fE-kfrchael, HNE-pyrrol©, HNE-lysmc-lyaine, or znono- 
cIpzuiI slntibody SMl->34. Blots wore quahtitotod ^ described below, amd 
Student's t test W 2 isi used to i^mpnre tho values fr'om ihe dilFotent 
groups. 

DataAjialyffi ^—All immunoblots were pTo<xiS$^ fbJlcwtog-tha sumD 
tinio and dilution paramatora to allow diroot cajcopariBona hetweeii 
Various samples. Eloto frojn ftU {j^mples Were stained concurrently fbr 
eacl\ antibody and for exactly the wamo tiTwa of devetopmeot. Tbs 
intenfiLty of immunsstoined NFH bonds was quantitated ag reflac±LVLi7 
with on opticafly antomced dejh^itoui$try scanner (QS30; pdi, Inc.). 
Statistical analysip was performed with analysis Of variance Hehar^s 
post itoc protected least signllicaiit difter^ce test. Cennparisem of the 
proximal iTQirs^ medial and disbal segments Was pexfbimDd in. odditloTL 
to Comparison of the ages ior ihe mOon value resulting from all ^eg- 
m^nia from 4dicfa oT the th^oe 2 &tce. 

To determine that the loadlug swounfe used ibr aaalysja in a 
linear range, variouB amountst of diouse Derurofllament ptotoiiLWere run 
on SDS'^FAGE and immimohZottofi with SMI'-Sd. The tountiiLuicactivity 
waa quantitated far each lane and plotted versus loading oznoimt. The 
trexul lino hod an value of 0,953, and the amount U^ed fbr the study 
was well within the lihear range. 

/n Vitro HNE Modifir.atian and QuantiflealhTi —Sciatic nerve eeg’- 
mento wDzt; pe^moahflized with 0.B% Triton X-JOO m Trss-bu&rud 
ssline. Samples of equal piateixL word treatod Witii 0.5 mK HNE, pre¬ 
pared as described previoualy (11, 12), for 2 h. and the jeaction was 
stopped by freeziug at ■‘*20 “O. SoniB.samples were depboaphoiylateii (4 
□nits alkaliUD phosphatase HI (5jgzBa)/200 pg protein itn 0.1 M 
Tris, pH 8.0, with O.Ql M pKenylxDBti^lBulfonyL II Uoiride for 15 h at room 
teraperstaxv or with 50% hydrofluoric acldfbr 16 h at 4 ''C before 9Z^ 
toe^tinent). Ssmplaa Were separated on PAGE, elGctrotransferred to 
Cmmobilon (Mfllzporo), and probed with antisera to j^TK-Michael and 
mOnOclaiial antibodieB against phOi^phorylated alid nonphosphorylated 

NEiL 

Additionally, ucurofijiaTnantpreparationfi wore incubated in diflerent 
concentrationa oflD^ in. pho^phate-bu^r^ aalinu (Q> 81.25,125, $00, 
and 2000 /tM) fbr 16 h. After rinsm^, biota were immunostaitred wiifa 
antia^a to HNE-Michacl and phosphorylated and nonphosphorylated 
NPH. All hlcte ware developed fr>r toe .^axna amount of time. Quantito- 
btva analysis was perfbrnaed by measuring fhe intensity of ifi^nittna- 

NI^3 bOod? by Rising togitel scanning And El^OQ saStvm 

(Zeiag). 

BEStlLTS 

As W 0 toiud in samples of the brztizi and peripheral ner^e of 
humajl, rat, and rabbit from infanty to antibodies to 

both, partly raverEible and stable protein HNE adducts show 
stmng recognition of in mice (Fig". 1, A and /5) from 
infanqy' to seniKty. Th^ reaction i$ specific for HNE adducts 
becanso axemal recognition, is blocked by the tugpective antigen 
or competing EmaH-molecnle Zigand (Figf, 1, B and Sh Further 
attesting to the specificity of the antibadieo to endogenous HNE 
adducta, we found that spedflc absorption of the BNE-Miehael 
antibody with th& HNE-lysine product fliixtoe (Pig. IS), but 
not HNE adducts of histidine or cystaine (data not Rhswn), 
blocked iiYiitLiiriorecogiiition, consistent with the pcsitive deteo^ 
tion bfiinmunoreactivli.y with antibodies I'ecognizin^theHNE- 
pyiTole (Hgi 10) and HNE-lysme'-lynine (date not abown) (totb 
excluaivaly iy^ino modificatioiis). Thua, the dominant HNE 
edducts found in axopg ate nn lysines. 

In imnumcbloto of axonal protains, Af,. 200,000 and Af, 150,000 
hands wore tho znajar prateina that diaplayod HNE adducts (Fi^. 
2), as was found previously for brain tissue,^ These bands wenj 
determlnod to bo NFH and NFM hy nsmg specific antibodiBB 


WL ^ Smiih, L. I. SiWeda, L, M. Sayre, and G. Vc^xy, uupvWiflhad 
obaervatjon;?. 
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Fig. 1. Axon^ of ^ciAtio nerve 

rc6(kgaijk<^ by Gintibodi'' 

ic8 to HNE-MichnjBl (A) and blopkod 
by unxnunonbsarptioa with HNE-^ 
lyshic but not HNS-^g^steme or 

QNK-hisiidine (data not shown). 
Thesie nhow promizifiiit phoaphoryl- 

fited NFll ($1VfI-34) (C). serial 

arc showiL Azods also show 
piTPxcLmeiit l-lNIii-pyTral^ imradnoreactiv* 
iiy CD) that is? hlod^ by the ailtteeii 
and ccrrcjpondjs to tha locatiim phoa- 
phorylated NFH (SMI"S4) (F), A4iacojit 
sactioas arc shown. Seal* bar, *25 




Fic. 2. HN£ qdducts in oxonsj dofinod by HNE-Miohael anti¬ 
body rocognitiuiL, are pzimarUy oaw^Ginted with NFH and fiFM 
C4) aa it is fpr HT^^pyritdc and Hl^nS-lyane-lyc^e tdata not 
aKown). The hi^ molaeular weight bands co-align with NFK as da- 
£med by S!MI-3-l Cfi), whereas the lower bond CorreSponda with NFM aa 
defined by iC)» Coomossie Blue staining pf the ediiched 

aeufofilUTTiflntfatgtion ptaaent on the imunUuioblQt: is also iddicatod (D). 
Molecular weight makers arc indicated in thousands. 



, 3 

' ■■ ■ / U. 

A B C D 

Fig. The Michel addvoti? formed by HNE aj^ limited ta 
lysirie addiiots becou£>o tho antibody to BWB'Miohael (D) that 
recognizes both NFH and NFM OH an iimmmobiUit of mormsB 
scintic flcrvn is nfaEorbed by HNC-lyo&np (J£) bnt not by HNF- 
cysfc^dne (41 or BNG-hxstidine (C)i 

(Fig. 2). Selective absorption of HNE-MiGhacl antibody showed 
tiiai only HNE-lyBine, and not HNE-histidinG or JlNE-crysteine 
(Fig, 3), blocked staining, ptosdding additional Evidence that 
modification piimaiily involves lysme I'eoidoo^. 

The malscular weights and high lysine content of NFH and 
NFM make tbein candidate targets of HNE adduction. Com- 
parison of the protein bands from mouse sciatic nerve roci^- 
niised by the antibody to phosphoiylated NFH and NFM and 
the HNE^Midiael, HNE-pyrtole, and HNE-lyeme-lyKtne &nti- 
bodiG5 showed co-align7nent (Fig. 2). Note that both NFH and 
NFM conLgin sequence luotifs, es^laining the shared 


A Phosphoryfated NFH 






C HNE^Pymle 



FiO- 4. Cantpftrison of immimanaetivily of NFH on munimoi' 
blots containing equal protein loads of geint tc n erve protein 
vitliiimnDcloiuBl antibody b> pbaspborylatad Nirj£ {SfidL-S4) (41a 
antisera to aNS-Michael CB), and roiE-pyrrole <0 Ih two sixains 
of isaeo. Simitar data wen obtained for HNE-^sme-lyama (data not 
flkown}- Thzee XEiIce fiom each age group for each etrain warR oxaminedi 
and ihe data shown ore the average of svH tmimols, whore the value fiir 
aacb asiiUEtl is tbs average of the Tnadialj prosdinal, and distal Begments 
(t<L nine aamplea were an^lyjced for e^ch point)- (>rft])hjj tbe 

relutiw r^floctiv^ dBnaity of immonoieacti^ bands at 200,000. 
Error ham, 3:S.E. n = 3. 

epitopes (21), and, pertinent to the discussion here, have a high 
lysine content. NFH and NFM not only have a hi^ lysine 
conteiat but also turn over very slowly in the a^n, both prop¬ 
erties that should make them suaoeptiblo to protracted osidn- 
+ivB ath^ck during aging. FurtbertporG, NFH and NFM proteins 
in the distal axon ara generq^lly older than those in tha projd- 
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SMW MNE-Michael HNE^pyrrote 


FK^-. dlfCci-CiiGeft tUTB na^ed toK tlkd r^AgititiaiL 

otf NFH hy antibodies to £M[]£-A^haal dp BKEl^yrrole whan 
axons pf transgenic tnice ovaras^ressin^ mutant Kumnn 
oxidu ditrti iitftfifl.i (G8SR). early or end stags, wera compared 
witii control mioB. Error hart, ±S,E, 

ma) HBgjTieniA, Atwi this toight csplaii why ws noted greater 
HNE adducts for axons in white matter versus cell bodies. 
Therefore, by coitipormg proximal and distal aegmeitts hrom 
mice of various ages, we assessed whether adduction of HNE to 
high molecular weight neuTofilameiit subunita reflected its 
long Tcaidcnce time, fbcusilig on NFH hecauBC it exhibits a 
higher etate of HNE addiictiorL, oonsisteiit with its higher ly- 
aine content (SJ-h 

We compared HNE-Midhael (Fig. 4B), HNE-pyrrole (Pig. 
40, and HNE-lyBine-lyBine (data not shown) adduction prod¬ 
ucts on NFH (Fig. 4A) and found no tdgnificaat diSenmces in 
the extent of adduction for distal, medial, or pionmal segments 
for any of tbo agee analyzed; thnrefote, the data for all three 
Segments were ayoragcdL Mice of waifous ages (1-.38 mOA-ths) 
were analyzed. Statistical analjBis was performed comparing 
all data points. Althmi^ no significant trends were found 
whon oomparmg overall aging, Bome significant difierences 
were found when comparing individual time points. Notably, 
HNB'Michael showed a slight but etatistically significant in- 
trease with aging iiom 15 months to greater ages in B6C2PI 
mica, whereas with C57BL6J mice, there was a significant 
deciease over the same period (Fig. 4S). With the stable HNB~ 
pyrrole, BfiCSFl mice did not show a statistically, significant 
innrcase with aging but did do so over the age period of 6-13 
montha, although the levels in the CS7BL6J mice generally 
remained constant (Fig, 40 over all the age ranges evaluated. 
Purthennore, total levels olNFli showed no statistical trend of 
change over aging, marked by phosphoiylated NFH (SMI-34; 
Fig. 4A) and nonphoaphorylated NFH (SMI-32; data not 
abown). It is particularly iinportaTut for the HNE-pyrreln mod* 
ifleation that levels of NFH or HNE adducts on NFH do not 
generally increasa cm aging becauaa it is considorEd chemically 
iTreversible. 

We also considered whether levefo of HNS adduction to NFH 
might be altered under conditiona of o^dative stress. There¬ 
fore, we examined levels of HNH adducts on NFH in adatic 
nerves from trouEgenic mice overexpressiiig the human Super- 
oxido dismutaes-l G85K mutation- Thesa mioe are a mcdel of 
oxidative stress (22). No Significant increases or decreases were 
noted for the recognition of NFH by antiBera to HNE-MichaHl 
or HNE-pyrrole when, comparing G85 mutants (n => 4) and 
end-atago (n “ 2) with age-matched controla (b = 3) (Pig. 51. 

We next eenaidered whether the irt vivo modification of NFH 
was at a maximum. In vitro treatment of intact peinnaabiliaed 
sciatic nerve or enriched nenrofilament fractious with HNE 
showed that NFH and NFM are both BUBceptiblc to additional 



HNE ~ ~ Jr ^ 

Dephosphorybtion - -f- - + 

Pio. G. fn uiire trentment of parme alnli zcd Bclnfic narro with 
HNE results in adduction levels on NFH and NFM above basal 
levels as recogniaod by antisera to HNE-Michael CffiVF-JlfleAusI) 
and HNE-pyWole (data, not Efoown). Phosphates are requited for to 
reaction of HNE 'wifli NFH and NFM because daphosphotylfthob of the 
axonal asnlplcs prior to HNE blocked adclitioaal addoctiou. Antiaaia for 
nonpbosphSylatod NFH and ptoaphoiylated NFH (SMI-S^) 

are toWl) to indicate OTH phosphoryloted atatae. 

adduction levels over those found In vivo. As in vivo, the in vitro 
adduction is apecifk for NFH and NFM, although there are 
other eytoskeletal preteiaa such as actin, tubulin, and the low 
molecular weight uetu'ofiionicnt pratetn (NFH) prasant. This 
specificity of adduction for NFH and NFM is related not only to 
the high lymnO content of both subunite but also to their hi^ 
level ctf phaBphorylatiea bEcause dephosphorylatiou of the pro¬ 
teins before HNE treatment render^ there refractory to EENE 
adduction in vitro (Fig. 6). 

IhcubatioiL of enrichod mouse neurofilamont protesn (b = 3 
mice) with increOBbag' doncentratmns of HNE ehowcd that HNE 
inramnoreactivity of NFH significantly increased (r = 0,825; 
p — 0.0023), In contrast, prior dephosphexylatioii of NFH made 
NFH resistant to HNE Eidduction (p = 0.064) (Fig. 7)- 

DISCUSSION 

In this study, ws demenstrate, both in. viva and in oitro^ that 
NFH is a Eeleetiva target of HNE attack and the m^or pretein 
dtsplaying HNE adducts in, the sciatic nerve, as shown hare, 
and in the brain.* This finding is not surprising. Considering 
file multiple lysine repeats in NFH and, to a lesser extent, 
NFM and the high susceptibility of lysine to adduct formation. 
The additional finding that NFH adduction is eontrollsd by 
phosphorylation State not only correlates with the Selectivity 
but is also couBistejifc with the high level of HNE adducts in 
white matter and peripheral nerve, both lod for a high level of 
NFH phosphorylation. A finding of note ip the relatively con¬ 
stant levels of HNE adduction found throughout life and slang 
the entire length of the axon, suggesting a regulated mecha- 
nism. If there were not a rnechanlam to remove NFH modified 
by HNE, we should note Ptrilriflg inereases with aging aa well 
as in (fistal segmenfe and under conditions of teddative stress. 
Candidates for maintaining HNE-NFH d 5 mainics are proteo¬ 
lytic removal of the adducts and competitive trapping of I&IE 
in reversibly formed adducts by glutathione or some vadtuawn 
T p,-r.>i5iT.igTti The feet that pinulnr patterns of adduct fcrmation 
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NeurofUaments Are Targets of Oxidative Damage 


Fig. 7. Izicubabion of ]lcutoGliuiic&.t 
fractions with increasing concentra* 
tlons of HN6 followed hy (nunYuip- 
blotting demonatrates increasing 
HNB'MiohacI fonnaiion wKenneuro- 
fUarnenis have nonnnl pb<>epho»yla- 

tion levels {NFJBp (A and whereas^ 
in «:K>ntirast, there is little reactivity if 
the f^osphktes have been reduced by 
prior i dhed lne phosplintose treat¬ 
ment (i4. and 0« n — S. 
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over tlie Ufoluxm of mice wore seen ibr mversible ami two 
irreversible modificaHona of HNE ami that HNE adduet forma- 
tiou was not saturated in vioo either suggests that M^y 
oddocted spsedss of NFlI may be removed by proteolysis or 
redex^ tbo steady-state ceacentration of HNE in the cytoplasm. 
In prel imin ary studies, we {bund that HNE-modified NPH lev¬ 
els were net altarad by treating exposed sciatu: nerve to the 
protease iolnbitoi lenpeptia supplied with hypertonic infusioii, 
but we do not know whether leTipeptia is the appropriate in¬ 
hibitor for the putative pioteolytio activity or whether the 
infusion was an oSective means of delivery. Clearly, more 
definitive approaches are necessary to resolve the meehanifiifts 
contrallmg HNE addnot levels. 

One possible implication at HNE adduction on NFH and 
NFM may be a role for iienrofilajneQt.B in augmenting the 
scavenging of aldehydes by neurons, thus protecting other pro¬ 
teins from damaES- This toction may be especially important 
in long axons, where protein turnover is low. Here, NFH may 
act to sequester aldehydes, protecting critical active sites on 
proteins fiom ojddative attack. Such a machanisin may bo 
required in flie fees of the hi^ metabolic activity of the axon 
that has numerous mitodjimdria traverging it and likely gen¬ 
erating significant amounts of lipoxidation produetB. The pos¬ 
sibility that hiJi'H and NPM may filncticai in part as aldehyde 
scavengers is fuifber sapporied by animal and human intoid- 
cation studies that mdlcato sslactive Involvement of neucoflla- 
ment abnarmalities (23), 

The observation that NhH and NFM susceptibility to HNE 
was reduced by dephosphoiylatian nnt only suggests that con¬ 
formation and exposure brought about by phos^otylation play 
a key role in NFH and NFM susccptihiliiy to modLCcation but 
also suggest that NPH and NPM adduct farmation is associ¬ 
ated with phospbaiylation upon entry into the axon. The ob¬ 
servation tlmt HNE adducts increase ia cell, bodies in AD (6,7) 
is Consistent with incteased NFH and NFM phosphorylation in 
the cell body in disease states (24). Sirailarfy, phosphoiylated 
NFH and NFM acoinnulate in the eoU body in amyotrophio 
lateral sclerosis (25), a condition linked in some cases to mu¬ 
tations in superoxide dismutese-l, presumably associated with 
insreaaed oxidative sCtcbs- Doumistent with the acavenger hy¬ 
pothesis, overaicpressiou of NPH and. NPM in mice also over- 
expressing mutated superoxide dismutase-l delays the onset of 
loss of itiolor ftinttion and death (26). Ihtriguingiy, we ftnmd no 
increase in HNE adduct levels on NPH in OUT analysis of 
.similar supezuzide dismutaae-l mutant mice. NFH and NFM 
are proteins unique to vertebrate axons and seivo, in part, to 
determure axonal caliber. The coupled facts that NPH-HNE 
and NFM-HNB are observed in young nnlmals and that the 
major target of carbonyl compounds like HNE in both brain 


and peripheral nerve ia NPH and NPM in vivo as well as ui 
Ultra suggest that the physiological role of NPH and NPM is 
consistent with an ability to protect the axon, from tpadc pmd- 
uols of osidativs stress tirronghout life. Certainly, the imphea- 
tjoUB raised here require further study to demonstrate tbs 
piutective fimction of NFH and NPM soavtmging of carbonyl 
oozupoundB as well aa the biochemical inechatosui physiolngi- 
cally maintaining constant HNE-NPH and HNE-NFM levels 
thiou^out life. 

Ajftnoic&tfgfflSrtf—Wc Chanii Dr. Ouozhwg Xu for technical 
asjsisconce- 

REFERSiNCtS 

1 , P. F.J WettaeTj HflU, A., Olatiow, O, W*» a-Bii Perl, D. P. (1996) A»n. J. 

Pfi//w!. 2USS 

S)e fewiCb, W. A, HiAirtsf, P. Ij. R., L- M., EedunftD, J. 3,, fiHd Pcfcy* C. 
(1997) J, Neurwefr IT, 2(550^667 

3. Smich, M. jL Perry. C.^ Iiicb«y> Pi L.* Ss^yra* U t4„ Andarspii, V, IJ., Rcftl, 

M. F*, and KowaH, N. (1936) JSTaiMn! 382,120-121 

4. NuJi^mura, A., Peiiry, O., M. A. Wdde, B-, diiba, S., ajQtl 

Bmkh, M. A 0999) J. Miimism. liJSfl-lQfld 

5. Smitii, M. A., Toneds. S., Ri'chcy, P, U, MiyUbu, S., Yaa, Stertt, D., Sayr&> 

L. M., lioaoier, V. M., u4 I^iy» G, C19i?4? Pfve. Mifi, Aivd Set, U S, A. 

fi» 7'. rj., AirtArnatK, V., MIL, Stfittaoiaiter, W. J., and Gratasi. 

D. O. (1996) Am. J, 148,89-93 

7. 5&yre, L. £1, Zdas^o, D. Hanlfli P. Lt R,i Perry^ O.* SaJonicn, ft. Q.t and 
3fTu(.h, fil. A (1397) Nitutakurti. 68, 2092-2097 
B. M- A., P. Fi-aprotiBlk, D.. MulvihiU. 

K Miller, C. A., SMyrii, I*. M., and G- (Iflfls) J. Neurechem. 84^ 
gflOO-SW 

9i NfldkftTTii, 1,1,. V,^ Eiml L. M. (lilSJi) Chart. Ris, TuxiCAl. 8^ 281—2fll 

10, Xti, Qi, lia, Yi, and SayTe» L. M. (1999) cA 

IL Bayre, L. 3t, Atom, P. Jt, lyes*, R Sm SfllomwJ/ B. (19W) Chem. flfs. 
8.19-22 

12. Sayre, R. ^‘r NofikaxiUi P>, 

and S&lQ!ne&^ B. G. (1996) Chen. Rea. Taxicolt 9,1194—1201 
;a, Uium*n, U. K. (IWO) Natuta 227,680-685 

14. Tawbii:uH.,ShiBhaJjn/r.,iiTidGtinfttn,»7, [1979)P^TULNii^Ataid.Siil. XJLS.A. 

76,43C0-43C4 

15. Sdie^t, G., and B. J. (1080) J, Neurochem, 36, iaS5-I344 

16. SUrrnbciTZcr, L. A- (1036) ImxsUnacytodiemiBtry, !Chird Ed.f Wil^, Nevr York 

17. Uehidn, KL, SjWEdtt. L. Ch«c, H.-Z., isnd SLa3i»«2ia, R B- (IDAS) Proc. UfaiL 

AcaA SriU a s. A. 90.874S-S746 

1ft. T^ai, L_ Ssweda, F. A.^ \Tiiggraio78,0., and eEwada. U L (1998? Prc«. 

Aca^ ScL U. S. A. 95, 7075-7980 

10. Xu, Gi, iiu, V., and SAyre, L, M. (J2(XI0J Chfm. ThneoJ. IS, 406—413 
20. Bruijni L. L, Badier, Mi Wn Losi M» K., And^rsciii, K. l/r, J^rtktn^, TJ. A, 
Copda&il, N. G.,S»Qdja, S. Sn Eattisteiii. J. P., Dcirch^lt, I). Tl, Price. P. U, 

and Clerelaad. H, W. Neuron IS, 327-326 

2T, Slutw, G. (19B1) )u Tk& Neuronal C^icekeUcoti (BurgDyzkBt R. P., ed). pp. 
18S-214, Wi!ay-t.i‘>s 5 , Mew York 

S2. Leo, Kyun, P. HhlUwtslI, B., Artd Jenrtcf, P- (2001) JLiVettroeftam. 78, 
206-220 

23. BayrB,lHMr, Aaiilio-OfliiibefetT, L., andOwnbettf, P. (ISHS) fiminUtiK. Beet. 19, 

63-33 

&4, SUmhftrRcr, li.A.» and Sterlib«^e?,N.H. (loss)PttM?, Wari. Acad, Set U, S,A. 
SOy 3120-0130 

26, Maijotto, V„ SWrpiUffffw', M. H-, Vertyj G., BEexnberpa*, L. A*, and Gambatfci, 
IP, (19^) J. Neun^at^f. Kxp. Neurol. <i7» 6a2-6SS 
26. CoinUaid-Diwtirea^S., Zhu, Q., Won?, P. C., Prit*. P. L.> CliSirdtod, D. and 

Julieo, J. P. 0008) Frw. M, Aocui, SbU U. S. ^ ©5, »S26-96S0 


PM3006739552 


Source: https://www.industry(documents.ucsf.e(du/(docs/sqnx0001 




